Previously, we showed that caveolin-1 (Cav-1) expression is down-regulated in human breast cancer-associated fibroblasts. However, it remains unknown whether loss of Cav-1 occurs in the breast tumor stroma in vivo. Here, we immunostained a well-annotated breast cancer tissue microarray with antibodies against Cav-1 and scored its stromal expression. An absence of stromal Cav-1 was associated with early disease recurrence, advanced tumor stage, and lymph node metastasis, resulting in a 3.6-fold reduction in progression-free survival. When tamoxifen-treated patients were selected, an absence of stromal Cav-1 was a strong predictor of poor clinical outcome, suggestive of tamoxifen resistance. Interestingly, in lymph node-positive patients, an absence of stromal Cav-1 predicted an 11.5-fold reduction in 5-year progression-free survival. Clinical outcomes among patients positive for HER2, and patients triple-negative for estrogen receptor, progesterone receptor and HER2, were also strictly dependent on stromal Cav-1 levels. When our results were adjusted for tumor and nodal staging, an absence of stromal Cav-1 remained an independent predictor of poor outcome. Thus, stromal Cav-1 expression can be used to stratify human breast cancer patients into low-risk and highrisk groups , and to predict their risk of early disease recurrence at diagnosis. Based on related mechanistic studies , we suggest that breast cancer patients lacking stromal Cav-1 might benefit from anti-angiogenic therapy in addition to standard regimens. We conclude that Cav-1 functions as a tumor suppressor in the stromal microenvironment. Carcinoma cells grow in a complex tumor microenvironment composed of (i) non-epithelial cells (including fibroblasts, pericytes, endothelial, and inflammatory cells), (ii) extracellular matrix, and (iii) secreted diffusible growth factors/cytokines.
mal physiological conditions the stroma serves as an important barrier to malignant transformation, its role changes during neoplastic transformation. Instead, the stroma plays a key role in driving cancer cell invasiveness and progression. 4 Recently, it was demonstrated that fibroblasts isolated from tumor stroma can promote tumor growth. [1] [2] [3] 5 This population of tissue fibroblasts termed "cancer associated fibroblasts" (CAFs) is characterized by a hyperproliferative phenotype, and these cells secrete increased amounts of growth factors, extracellular matrix components, and matrix metalloproteinases. 5, 6 CAFs also show an ability to prevent cancer cell apoptosis, induce cancer cell proliferation, and stimulate tumor angiogenesis. 7 In vitro studies of breast carcinomas showed that CAFs mixed with epithelial carcinoma cells are more proficient than normal fibroblasts at enhancing tumor growth and give rise to highly vascularized tumors. 8 To date, the mechanisms that govern the conversion of benign mammary stromal fibroblasts to tumor-associated fibroblasts are poorly understood, and their relationship to disease outcome has not been addressed.
Down-regulation of caveolin-1 (Cav-1) is one of the mechanisms implicated in the oncogenic transformation of fibroblasts. Caveolins are the principal protein component of caveolae, which are located at the cell surface in most cell types. 9 One of the caveolins, Cav-1, plays a major role in tumorigenesis through its various functions such as lipid transport, membrane trafficking, gene regulation, and signal transduction. 10 In cell culture, the transformation of NIH-3T3 fibroblasts with various activated oncogenes, such as HRas (G12V), Bcr-Abl, or v-Abl, causes dramatic reductions in Cav-1 protein expression. 11, 12 Furthermore, knock-down of endogenous Cav-1 in NIH-3T3 fibroblasts promotes anchorage-independent growth in soft agar and tumor formation in nude mice, which could be reversed by Cav-1 re-expression. 13 Finally, Cav-1 Ϫ/Ϫ null fibroblasts have a hyperproliferative phenotype (similar to CAFs) and Cav-1 re-expression drives their arrest in the G0/G1 phase of the cell cycle.
14 Taken together, these data suggest that loss of Cav-1 leads to the oncogenic transformation of fibroblasts, where Cav-1 normally functions as a transformation suppressor that prevents cell cycle progression.
Using primary cell cultures established from surgically excised breast tumors, we recently demonstrated that Cav-1 is down-regulated in human breast CAFs when compared with matching normal fibroblasts isolated from the same patient. 15 In addition, orthotopic transplantation of Cav-1 ϩ/ϩ tumor tissue into the mammary stroma of Cav-1 Ϫ/Ϫ null mice results in up to a ϳtwofold increase in tumor mass, functionally demonstrating that the mammary stroma of Cav-1 Ϫ/Ϫ mice behaves as a tumor promoter. 16 However, to date, there is no study addressing the clinical significance of stromal Cav-1 expression in invasive carcinoma of the breast in vivo.
The aim of this study was to evaluate the in vivo stromal expression of Cav-1 in a large series of invasive breast carcinomas and to examine the association between stromal Cav-1 expression, clinicopathological variables, and patient outcome. Our results indicate that loss of stromal caveolin-1 is a novel breast cancer biomarker that predicts early disease recurrence, metastasis, survival, and tamoxifen-resistance. Clinical outcome in HER2(ϩ) and triplenegative (estrogen receptor ͓ER͔Ϫ/progesterone receptor ͓PR͔Ϫ/HER2Ϫ) patients was also strictly dependent on stromal Cav-1 levels. Remarkably, in lymph node-positive ͓LN(ϩ)͔ patients, an absence of stromal Cav-1 was associated with an ϳ11.5-fold reduction in 5-year progression-free survival. As such, Cav-1 may function as a critical tumor/ metastasis suppressor in the mammary stromal compartment. 
Materials and Methods

Case Selection and Tissue Microarray Construction
Breast tissues for tissue microarray construction were obtained from the Surgical Pathology files at the University of Michigan with Institutional Review Board approval.
The tumor microarray contained tissues derived from 154 largely consecutive patients with invasive carcinomas of the breast, with follow-up information treated at the University of Michigan from 1987 to 1991. Clinical and pathological variables were determined following well-established criteria. All invasive carcinomas were graded according to the method described by Elston and Ellis 17 ; lymphovascular invasion was classified as either present or absent. The tissue microarrays were constructed using a tissue arrayer (Beecher Instruments, Silver Spring, MD). Three tissue cores (0.6 mm diameter) were sampled from each block to account for tumor and tissue heterogeneity and transferred to the recipient block. Only cases with two or three cores containing tumor stromal cells were considered for statistical analysis to address possible heterogeneity of the staining in various tumor portions. Clinical and treatment information was extracted by chart review.
Patients
Our study population consists of 154 women diagnosed with breast cancer, with a median age of 59.5 years (range, 28 to 96 years). 85% of the women were white. The median follow-up time for all survivors was 8.4 years (Ͼ30 days to 18.5 years). Forty-five percent of the subjects underwent tamoxifen treatment after diagnosis, and 31% had a recurrence of breast cancer during follow-up. The median time to recurrence or death from any cause was 7.1 years.
Immunohistochemistry
Cav-1 expression in the tumor stroma was assessed by using a standard immunoperoxidase method (DakoCytomation LSAB2 System-HRP, Carpinteria, CA), using rabbit polyclonal anti-Cav-1 IgG (N-20; directed against Nterminal residues 2 to 21 of human Cav-1; Santa Cruz Biotechnology, Santa Cruz, CA; dilution 1:500). The staining was scored semiquantitatively as negative (0; no staining), weak (1; either diffuse weak staining or strong staining in less than 30% of stromal cells per core), or strong (2; defined as strong staining of 30% or more of the stromal cells). These were given numerical raw scores of 0, 1 and 2, respectively, and the median score of 2 to 3 cores was taken as the final score of the sample.
Statistical Analysis
For each patient, the date of breast cancer diagnosis, date of last follow-up, vital status at last follow-up, causes of death (breast cancer or other), and breast cancer recurrence, were recorded. Stromal caveolin was scored for each tissue sample based on three cores taken from the sample and given a numeric score of 0, 1, or 2, depending on the degree of stromal Cav-1 staining. The median of the three numeric scores was taken to be the stromal Cav-1 score for the sample. In the event that only two of the cores were scorable, and the median score was fractional, it was rounded upward to reflect the presence of stromal Cav-1. A median score of 0 was interpreted as an absence of stromal Cav-1, and scores of 1 and 2 were interpreted as the presence of stromal Cav-1. For an absence of stromal Cav-1 (final median score ϭ 0), Ͼ70% of the patients had a raw score of 0 for all three sample cores (000) and Ͼ90% had a raw score of either 000 or 001, indicating strong consistency of this phenotype between all three patient tumor core samples.
Our primary outcome of interest in this study is progression-free survival (PFS) from time of diagnosis to the presence of metastasis, death, or last visit. PFS is evaluated using Kaplan-Meier estimation, 18 and comparison of stratified survival curves was done using log-rank tests. Cox proportional hazard regression 19 was used to evaluate the association of stromal Cav-1 with PFS, in the presence of various potential prognostic factors for PFS. Associations between the presence of stromal Cav-1 and other factors, including age, race, tumor grade, tumor size, LN status, histological subtype, ER, PR, and HER2, and presence of recurrent disease, were evaluated using Fisher's exact and Kruskal-Wallis tests, depending on the discrete or continuous nature of the other factors.
The default settings of the recursive partitioning function in R (rpart version 3.1-41; http://mayoresearch.mayo. edu/mayo/research/biostat/splusfunctions.cfm) was used to fit a survival tree model to the data and evaluate prognostic factors for PFS. 20, 21 All P values are twosided, and P Ͻ 0.05 was considered significant. Statistical analysis was performed, and graphs constructed, using the R statistical analysis software version 2.7.2. 22 
Results
Clinicopathologic Features of the Specimens
Clinical characteristics of the 154 patients in this study are listed in Table 1 . Of the 160 invasive carcinomas used to construct the tumor microarray, 154 had at least 2 cores available for evaluation. Therefore, our study population consists of 154 women with a median age of 59.5 years (range, 28 to 96 years). Eighty-five percent of the women were white. The median follow-up time for all survivors was 8.4 years and the median time to metastasis, death, or last visit was 7.1 years. 45% of the subjects underwent tamoxifen treatment after diagnosis, and 31% had a recurrence of breast cancer during follow-up.
ER, PR, HER2, and Stromal Cav-1 Expression Analysis of the Specimens
One hundred forty patients were evaluated for ER, PR, and HER2, of whom 66% were ER positive (ERϩ) and 15% were triple-negative (ERϪ/PRϪ/HER2Ϫ). One hundred and twenty five patients had samples that could be scored for stromal Cav-1. We established a Cav-1 grading scale (0, 1, and 2), with 0 representing an absence of stromal Cav-1 and 2 representing high levels of stromal Cav-1. 37% of the samples showed a loss/or absence of stromal Cav-1 (score ϭ 0).
A median score of 0 was interpreted as an absence of stromal Cav-1, and scores of 1 and 2 were interpreted as the presence of stromal Cav-1. Representative examples are shown in Figure 1 , A-C. Normal human breast tissue (terminal ductal lobular units) is shown for comparison purposes. Note that the intralobular mammary stroma, the vasculature, and myo-epithelial cells are normally Cav-1 positive ( Figure 1D) . Tables 2 and 3 show the relation of stromal Cav-1 expression to various clinicopathological variables.
Stromal Cav-1 Expression Correlated to Pathological Features
We find that an absence of stromal Cav-1 is strongly associated with tumor stage and nodal stage, as well as with recurrence rate and number of LN metastases (Table 2). Loss of stromal Cav-1 is also significantly associated with lymphovascular invasion (Table 4) . In all cases, the absence of Cav-1 is associated with markers of more aggressive disease (higher T-stage, higher N-stage, higher recurrence rate, more positive lymph nodes, and the presence of lymphovascular invasion) (Tables 2 and  4) . For example, patients with stromal Cav-1 expression showed a ϳ3.6-fold reduction in disease recurrence and a ϳtwofold reduction in lymph node metastasis ( Table 2 ). ERϪ/PRϪ/HER2Ϫ represents "triple-negative patients". P values are based on log-rank tests on the stratified Kaplan-Meier curves.
*Denotes that less than half the at-risk patients had an event, resulting in no estimate of median PFS.
Interestingly, patients with high stromal Cav-1 (score ϭ 2) showed a ϳfivefold reduction in disease recurrence and a ϳ2.6-fold reduction in lymph node metastasis (see supplemental Table S1 at http://ajp.amjpathol.org). However, there was no association between stromal Cav-1 expression and tumor grade ( Table 2) .
Stromal Cav-1 was also not associated with ER, PR, HER2, or triple negative (ERϪ/PRϪ/HER2Ϫ) status, or with demographic parameters (Table 3) .
Stromal Cav-1 Expression as a Strong Predictor of Survival
Lack of stromal Cav-1 was also seen to be an important prognostic factor for progression-free survival (PFS). Table 5 gives the median PFS for subjects with and without stromal Cav-1, in the presence of a number of other potential prognostic factors. We find that an absence of stromal Cav-1 results in significantly lower PFS, even in the presence of other prognostic factors, with median survival reduced by several years in many cases-even when adjusted for the same tumor grade. For example, the median PFS was 1.43 years versus 10.84 years in poorly-differentiated breast cancers, depending on the status of stromal Cav-1 (Table 5) .
To highlight this, Figure 2 shows the Kaplan-Meier survival curves for patients who did and did not receive tamoxifen therapy. Note that when only patients who underwent tamoxifen-treatment were selected for analysis ( Figure 2, Left panel) , an absence of Cav-1 in the mammary stroma was a strong predictor of poor clinical outcome, suggestive of an association with tamoxifen-resistance. In direct support of these immunohistochemistrybased observations, virtually identical results were obtained when a "gene-expression signature," generated using Cav-1 Ϫ/Ϫ null mammary stromal fibroblasts, was used to cluster an independent cohort of ERϩ breast cancer patients who underwent tamoxifen mono-therapy. 23 Cox regression/multivariate analysis (Table 6 ) using T stage, N stage, tamoxifen use, and the presence of stromal Cav-1 showed that an absence of stromal Cav-1 conferred significantly reduced PFS, with the adjusted hazard ratio being ϳ3.6 (P Ͻ 0.0001). We used a survival tree approach to assess the relative importance of the presence of stromal Cav-1 in predicting PFS, using default settings in the R package rpart. Age, race, T stage, 
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We find that the Cav-1 score is statistically significant even adjusting for T-stage, N-stage and tamoxifen use. The baseline level has T stage ϭ T0/T1, N stage ϭ N0, no tamoxifen and Cav-1 present. Model is based on 101 observations due to missing data. N stage, ER, PR, HER2, tamoxifen use, and lymphovascular invasion were also included in this model. We find that an absence of stromal Cav-1 is the strongest factor in predicting PFS, even in the presence of other well-known predictors. Our analyses show that loss or absence of Cav-1 in stromal cells is an important independent predictor of progression-free survival in breast cancer, not associated with ER, PR, or HER2 status.
Absence of stromal Cav-1 expression was also associated with dramatic reductions in 5-year PFS (see Table  7 for 5-year survival rates). Very similar results were also obtained using overall survival (see supplemental Figure  S1 at http://ajp.amjpathol.org). However, PFS is considered more of a cancer-specific measure of clinical outcome.
Stromal versus Epithelial Cav-1 as Predictive Breast Cancer Biomarkers
To assess the predictive value of epithelial Cav-1 expression, the same patient population was also scored for the expression of Cav-1 in the epithelial tumor cells, using the same scoring scheme as for stromal Cav-1 (0 ϭ absent; 1 or 2 ϭ present). However, as presented in Figure 3 , epithelial Cav-1 did not show any correlation with patient clinical outcome. This is an important internal control for our current studies, and reinforces the idea that stromal expression of Cav-1 is a primary determinant of clinical outcome in breast cancer patients.
Status of Stromal Cav-1 in ERϩ, PRϩ, and HER2ϩ Patients
Historically, ER, PR, and HER2 expression have all served as important prognostic and predictive epithelial biomarkers for stratifying breast cancer patients into prognosis and therapy-relevant groups. Thus, we wondered whether stromal Cav-1 would function as a strong predictive biomarker in all three of these patient groups. Figures 4, 5 , and 6 show that regardless of epithelial marker status for ER, PR, or HER2, stromal Cav-1 serves as an important predictor of progression-free outcome. Thus, the status of stromal Cav-1 expression appears to be a critical predictor of clinical outcome that is clearly independent of epithelial marker status. The predictive value of epithelial Cav-1 is shown for comparison; it does not behave as a predictive biomarker in any of these patient groups.
Status of Stromal Cav-1 in Triple-Negative Patients
Triple-negative breast cancers lack expression of the three most commonly used epithelial makers (ERϪ/PRϪ/ The status of stromal and epithelial Cav-1 was independently scored in the same total patient population for direct comparison. Note that only stromal Cav-1 is a predictor of clinical outcome (P ϭ 1.77 ϫ 10 Ϫ9 , log-rank test), in a total population of 125 breast cancer patients. 5-year PFS is indicated by an arrow. The status of epithelial Cav-1 is also shown. n.s., denotes not significant.
HER2Ϫ), are generally poorly-differentiated, and are associated with poor clinical outcome. Thus, we examined the predictive value of stromal Cav-1 in triple-negative patients, within our patient population. Interestingly, stromal Cav-1 was also a strong predictor of progression-free outcome in triple negative breast cancer patients (Table  5 and Figure 7 ). For example, the median PFS was 1.43 years versus 14.76 years in triple-negative patients, depending on the status of stromal Cav-1 (Table 5) . However, epithelial Cav-1 did not show any predictive value in triple-negative patients (Figure 7) .
Thus, stromal Cav-1 is a powerful predictive biomarker for estimating a patient's risk of recurrence and survival in all of the four most common classes of breast cancer, which are based on ER, PR, and HER2 expression.
Additional data on ER(Ϫ), PR(Ϫ), low T stage, and grade 3 patients are provided as supplemental Figures  S2, S3 , and S4 at http://ajp.amjpathol.org. In all these additional patient subgroups, an absence of stromal Cav-1 also consistently predicts poor clinical outcome.
Status of Stromal Cav-1 in LN(Ϫ) and LN(ϩ) Patients
Lymph node (LN) status is often used as a critical predictor of disease recurrence, metastasis, and survival in patients with breast cancer. As an absence of stromal Cav-1 behaves as a predictor of disease recurrence and poor clinical outcome, we also assessed the predictive role of stromal Cav-1 in LN(Ϫ) and LN(ϩ) patients. Our results are shown in Figure 8 . Note that in both LN(Ϫ) and LN(ϩ) patients, an absence of stromal Cav-1 still remains a significant predictor of progression-free outcome. However, our results were most dramatic in LN(ϩ) patients, where an absence of stromal Cav-1 is associated with an ϳ11.5-fold reduction in 5-year survival (Table 8) .
Thus, the use of stromal Cav-1 as a predictive biomarker, especially in LN(ϩ) patients, may allow for early interventions with more aggressive therapies. Ϫ7 , log-rank test), which represents a total of 80 breast cancer patients. 5-year PFS is indicated by an arrow. The status of epithelial Cav-1 is shown for comparison. n.s., denotes not significant.
Discussion
In this study, we have evaluated the expression of Cav-1 in the stroma of invasive breast carcinomas and demonstrated that loss of stromal Cav-1 expression is a strong predictor of tumor recurrence and dramatically lower progression-free survival. Although epithelial Cav-1 expression has been extensively studied in breast carcinomas, there is little or no data on the expression and significance of Cav-1 in the stroma of invasive breast carcinomas. 24 -26 Previous studies demonstrated that epithelial expression of Cav-1 in malignant breast cancer cells correlates with histological grade, loss of ER and PR positivity, and the expression of basal markers including cytokeratins and p63. 24 However, in multivariate analysis, epithelial Cav-1 expression was not an independent prognostic factor for patient outcome. 24 Consistent with these published findings, we observed here that epithelial Cav-1 expression was not a prognostic factor for clinical outcome in our patient cohort.
Several prior studies investigated the significance of stromal marker expression in invasive carcinomas of the breast. For example, it was shown that stromal CD10 expression was associated with decreased survival in LN(Ϫ) patients and a higher risk of developing lymph node metastasis. 27, 28 Another study showed that stromal expression of matrix metalloproteinase 9 was associated with aggressive tumor behavior and had a negative impact on overall and disease-free survival. 29 Gene expression profiling of breast cancers focusing on stromarelated genes demonstrated that tumors with a solitaryfibrous tumor-type or a desmoid-type/fibromatosis-type signature have different clinical outcomes. 30 The desmoid-type fibromatosis stromal signature was associated with lower tumor grade, increased expression of ER, and improved survival. Another stromal-related gene signature, termed the "wound-response signature," predicted poor overall survival and increased risk of metastasis in patients with breast cancer. 31 A recent study found a "stroma-derived prognostic predictor" signature that included genes that are involved in the immune responses, angiogenesis, and hypoxia. 32 This 26-gene signature was independent of ER and HER2 Figure 7 . Kaplan-Meier curves of PFS in triplenegative patients. Note that an absence of stromal Cav-1 immunostaining also predicts poor clinical outcome in triple-negative (ERϪ/PRϪ/ HER2Ϫ) patients (P ϭ 2.01 ϫ 10 Ϫ2 , log-rank test), even though this subset of the patient population is small (16 patients). 5-year PFS is indicated by an arrow. The status of epithelial Cav-1 is shown for comparison. n.s., denotes not significant. Ϫ3 , log-rank test), which represents a total of 32 breast cancer patients. 5-year PFS is indicated by an arrow. The status of epithelial Cav-1 is shown for comparison. n.s., denotes not significant.
status, lymph node involvement, tumor grade, age and chemotherapy and hormonal therapy, in identifying a poor-outcome patient group who had a substantially increased risk of disease recurrence or death. Interestingly, in our current study, an absence or loss of stromal Cav-1 expression was associated with increased risk of breast cancer recurrence independent of standard clinicopathological risk factors and treatment regimens. Thus, our new data provide a reliable and powerful single marker to predict important clinical variables independently of other known biomarkers.
Our data showing that Cav-1 reduction in the tumor stroma increases the aggressiveness of breast carcinomas warrant further discussion and investigation. Recently, we showed that CAFs down-regulated Cav-1 protein expression, in conjunction with RB tumor suppressor inactivation. 15 Additional studies showed that mammary stromal fibroblasts from Cav-1 Ϫ/Ϫ knock-out mice share a similar gene expression profile with human CAFs, 23 and both show the upregulation of RB/E2F responsive genes. Thus, one possibility is that an absence of Cav-1 expression in mammary stromal fibroblasts leads to RB tumor suppressor functional inactivation in vivo, thereby releasing E2F. This, in turn, generates 'activated stromal fibroblasts' that can increase the transcription of a number of cell cycle (S-phase) related genes, including target genes that encode growth promoting factors and cytokines. Another possibility is that loss of Cav-1 in stromal cells allows for activation of transforming growth factor-␤ signaling. 33 It has been shown that this activated transforming growth factor-␤ signaling in CAFs could induce the secretion of growth promoting proteins such as human growth factor, vascular endothelial growth factor, and interleukin-6. 34 Yet, the most intriguing possibility is a controversial finding that reported p53 mutations in breast cancer stromal cells. 35 Previously, an unrelated study showed a novel mechanism by which p53 transcriptionally up-regulates Cav-1 expression. 36 Thus, mutational inactivation of p53 in breast cancer stromal cells could reduce or prevent the expression of Cav-1 in these cells. Future studies will correlate p53 status (ie, loss of heterozygosity, allelic imbalance, and sporadic mutations) with Cav-1 expression in breast cancer stromal cells.
Abundant tumor stroma and formation of the central scar-like area termed a fibrotic focus is a known predictor of aggressive behavior in breast cancers. 37 The presence of a fibrotic focus is correlated with larger tumor size, increased tumor proliferation, higher histological grade, and higher pathological stage. 38 Furthermore, the presence of a fibrotic focus has been associated with poor short-and long-term survival and has been confirmed as an independent prognostic factor for patients with breast cancer in both retrospective and prospective. 38 -40 Since breast carcinomas with a fibrotic focus have a distinct molecular signature, as determined by LN(ϩ) patients, an absence of stromal Cav-1 still remains a significant predictor of progression-free outcome. However, the results were most dramatic in LN(ϩ) patients, where an absence of stromal Cav-1 is associated with an ϳ11.5-fold reduction in 5-year progression-free survival. There were 50 patients in the LN(Ϫ) group and 54 patients in the LN(ϩ) group. P values are as shown. 5-year PFS is indicated by an arrow. 
